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Abstract
Pollutant travel times through compacted soil materials cannot be accurately predicted from the permeability
(saturated hydraulic conductivity) alone, Travel time is also dependent on the effective porosity of the
material; i.e., the portion of the total porosity that contributes significantly to fluid flow. Once permeability
and effective porosity are determined for a selected material, travel times for noninteracting pollutants
through specified thicknesses of compacted material at specified hydraulic gradients can easily be predicted.
This paper presents a straightforward method of determining the effective porosity of compacted soil
materials and compares measured and predicted solute breakthrough times for three compacted soil materials,
The determination of effective porosity is based upon the total porosity and the spread on a log scale in the
pore sizes of a compacted sample, Once the total porosity and pore size distribution information are obtained
for a particular sample, the effective porosity can be determined by using a graphical solution.
Pollutant travel time, T, through a compacted soil (i.e., when pollutant first appears at the bottom of the liner)
can be predicted by T=EL/KI; where E is effective porosity, L is thickness of compacted sample, K is sample
permeability, and I is hydraulic gradient. Chloride travel times through compacted samples of glacial till, loess,
and paleosol materials were measured as less than 208 minutes (min.), between 15 and 30 min., and between
250 and 380 min., respectively. Predictions of noninteracting solute breakthrough for the glacial till, loess, and
paleosol materials were 227 min., 32 min., and 270 min., respectively. Thus, the predictions are reasonably
close to measurements. Further experiments using thicker soil samples are under way.
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ESTIMATING TRANSIT TIMES OF NONINTERACTING 
POLLUTANTS THROUGH COMPACTED SOIL MATERIALS 
Robert Horton, Michael L. Thompson, and John F, McBride 
Department of Agronomy 
Iowa State University 
Ames, Iowa 50011 
ABSTRACT 
Pollutant travel times through compacted soil materials cannot be accurately pre-
dicted from the permeability (saturated hydraulic conductivity) alone, Travel time is 
also dependent on the effective porosity of the material; i.e., the portion of the total 
porosity that contributes significantly to fluid flow. Once permeability and effective 
porosity are determined for a selected material, travel times for noninteracting pol-
lutants through specified thicknesses of compacted material at specified hydraulic gra-
dients can easily be predicted. This paper presents a straightforward method of deter-
mining the effective porosity of compacted soil materials and compares measured and pre-
dicted solute breakthrough times for three compacted soil materials, 
The determination of effective porosity is based upon the total porosity and the 
spread on a log scale in the pore sizes of a compacted sample, Once the total porosity 
and pore size distribution information are obtained for a particular sample, the effective 
porosity can be determined by using a graphical solution. 
Pollutant travel time, T, through a compacted soil (i.e., when pollutant first ap-
pears at the bottom of the liner) can be predicted by T=EL/KI; where E is effective poros-
ity, L is thickness of compacted sample, K is sample permeability, and I is hydraulic 
gradient. Chloride travel times through compacted samples of glacial till, loess, and pa-
leosol materials were measured as less than 208 minutes (min.), between 15 and 30 min., 
and between 250 and 380 min., respectively. Predictions of noninteracting solute break-
through for the glacial till, loess, and paleosol materials were 227 min., 32 min., and 
270 min., respectively. Thus, the predictions are reasonably close to measurements. 
Further experiments using thicker soil samples are under way. 
INTRODUCTION AND PURPOSE 
Compacted clay is frequently used to 
line hazardous-waste-disposal landfills, 
The purpose of the compacted clay liner is 
to restrict the movement of hazardous li-
quid materials out of the landfill. Cur-
rently, soil permeability (saturated hy-
draulic conductivity) is the most common 
measurement used to estimate the potential 
effectiveness of the liner material (USEPA, 
1978). Soil permeability, K (m3/m2/s), is 
defined from Darcy's equation: 
K= J/I (1) 
where J is the fluid flux density (m3/m2/s) 
and I is the hydraulic gradient (m/m), 
Soil permeability has dimensions of volume 
per unit area of liner per unit time; thus, 
it is a bulk parameter related to the areal 
average fluid flow in the liner, But know-
ledge of average fluid flow does not allow 
the prediction of pollutant breakthrough or 
travel times. To predict pollutant travel 
times through clay liners, the liner ef-
fective porosity must be known. 
Effective porosity, E, has been des-
cribed as that portion of the total liner 
porosity that contributes significantly tp 
fluid flow, Effective porosities are less 
than total porosities because some of the 
pore space is discontinuous (dead end) and 
some of the pore space is so narrow that 
fluids in these spaces are essentially im-
mobile. If the fluid flux density through 
a clay liner can be determined by using 
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Darcy's equation, then the mean effective 
fluid velocit~, VE, can be described by: 
V~= KI/E (2) 
If the hydraulic gradient is constant and 
liner K and E are both known, then the 
average pollutant travel distance per unit 
time can be estimated. Thus, the time of 
first breakthrough, T, of a noninteracting 
pollutant can be predicted by the equation: 
T = EL/KI (3) 
where Lis the liner thickness (m). 
The Environmental Protection Agency, 
EPA, requires that a disposal unit liner 
prevent migration during the active life of 
a unit (USEPA, 1982). The active life of a 
unit containing noninteracting pollutants 
can be estimated by using Eq. (3). Know-
ledge of the liner permeability is not 
sufficient information to accurately 
estimate the length of time of liner 
effectiveness. When a disposal unit is 
constructed with known liner thickness, L, 
and is designed for a known hydraulic gra-
dient, I, measurement of both permeability 
and effective porosity are required to es-
timate the active life of the unit with Eq. 
(3). Although methods of measuring perme-
ability of compacted clay materials have 
received much attention in the literature 
(Olson and Daniel, 1981), determination of 
effective porosity has received little at-
tention. 
The purpose of this paper is to pre-
sent a method for estimating the effective 
porosity of compacted clay materials. The 
estimates of effective porosity are used in 
Eq. (3) to predict transit times of nonin-
teracting solutes through samples of com-
pacted materials. The predictions of tran-
sit time are compared with measured chlo-
ride breakthrough times. 
APPROACH 
Theory 
To estimate the travel time of non-
interacting pollutants through a liner by 
Eq. (3), the liner's effective porosity 
must be determined, We earlier described 
effective porosity as that portion of total 
porosity that contributes significantly to 
fluid flow. We now define "significance" 
by defining effective porosity as that por-
tion of total porosity that conducts fluid 
faster than the average pore-water veloci-
ty. Large pores conduct fluid faster than 
do small pores. Therefore, in a porous me-
dium that exhibits a range of pore sizes, a 
range of pore-water velocities will exist 
as a fluid passes through. Higher-than-
average pore-water velocities in the larger 
pores will be responsible for the first ap-
pearance of pollutants, whereas lower-than-
average pore-water velocities associated 
with smaller pores will not be responsible 
for first appearance of pollutants. Thus, 
the determination of a liner's porosity 
versus pore-water velocity distribution is 
crucial to the evaluation of the liner's 
effective porosity. 
The pore-water velocity distribution 
can be calculated from the unsaturated per-
meability, K(e), as a function of fluid-
filled porosity, e • On the basis of theory 
developed by Mualem (1976), Van Genuchten 
(1980) showed that the unsaturated perme-
ability could be predicted from the total 
porosity, the residual porosity (i.e., the 
value of porosity when water films lose ef-
fective continuity), and a measure of the 
uniformity of pore sizes by the equation: 
e-e 
r ~ K(e) = K[e-:8) 
s r 
e-e 
[l-(l-(--r-) 1/m)rn]2 ( 4) e -e 
s r 
where e is the total porosity, er is the residua~ porosity, and m = [1-(1/n)] for 
O<m<l; n is an empirical parameter that 
describes the uniformity of pore sizes, 
es, er and n can be derived from a cumu-
lative porosity curve. 
Cumulative porosity curves may be ob-
tained by either soil-water desorption 
techniques or mercury-intrusion porosime-
try. Most engineers prefer the latter 
method because of its speed, Both 
approaches are based on the capillary-rise 
equation, which, for mercury porosimetry, 
may be formulated: 
r = (1/p)(2y cos()) (5) 
where r =pore radius (m), P =pressure 
(Pa), y =surface tension of mercury (N/m), 
and a wetting angle of mercury (140°). 
To obtain Els, er, and n from mercury-intru-
sion curves, we adapted an equation origi-
nally developed by Van Genuchten (1980) for 
soil-water desorption curves: 
e = er+ (es-er) 
[l + ( a./r)n] (l/n)-1 ( 6 ) 
where r is the pore radius in Eq. (5) 
and a. is an empirical parameter, To use 
Eq. (6) to model mercury-intrusion curves, 
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we define es as equal to total porosity of 
the freeze-dried samples and transform the 
mercury-intrusion cumulative porosity to a 
form similar to the soil-water characteris-
tic curve as follows: e = es - mercury-
filled porosity. Once the cumulative 
porosity curves are transformed, the er, n, 
and a parameters(Eq. 6) can be determined by 
using nonlinear regression techniques. 
When nonlinear regression techniques 
are not accessible, a first approximation 
of the er and n parameters can be deter-
mined from a graphical display of the 
transformed data, The residual porosity, 
er' is approximated as the value of e 
that the cumulative porosity curve asympto-
tically approaches as limiting pore size 
decreases, Mercury-intrusion cumulative 
porosity curves for compacted soil samples 
generally have er -value·s approximately 
equal to their non-mercury-filled porosi-
ties after intrusion to 414 MPa (60,000 
psi). For soil materials considered for 
landfill liners, er is generally less than 
0.1. Then-parameter is estimated as fol-
lows: The cumulative porosity data are 
plotted as e vs. log r; next, the absolute 
value of the slope, S, of the cumulative 
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porosity data is calculated at a value of 
approximately halfway between er and es. 
The n-parameter is then determined by using 
the equation: 
(O<Sp.::._l) 
[ 
exp (0,8 Sp) 
n = 1/(0.5755 _O,l -0.025 ); (Sp>l) 
Sp sp2 -w 
where Sp is equal to S/(es -er). 
(7) 
Once er and n are estimated from the 
measured cumulative porosity data, the sam-
ple effective porosity can be determined 
from Figure 1 (for a detailed explanation, 
see Horton, 1985). With an estimate of the 
effective porosity, the time required for 
the first appearance of noninteracting pol-
lutants at the bottom of a clay liner can 
be predicted by using Eq. (3). 
Soils 
We collected subsurface materials from 
three soils developed in major Iowa parent 
materials: till, loess, and paleosol. The 
till-derived soil was Nicollet composed of 
sandy clay loam materials (Unified Classi-
fication: CL; AASHTO classification: A-4). 
The loess-derived soil was Fayette composed 
9j=0.4 
0~0.3 
2.5 3.0 3.5 
n 
Figure 1. Influence of n on effective porosity (E) at various values of 8 (6 
s r 
277 
0.05). 
TABLE 1 PARTICLE SIZE DISTRIBUTION, OPTIMUM MOISTURE CONTENT 
AND BULK DENSITY OF THE COMPACTED SOIL MATERIALS 
Optimum Bulk Soil Clay Silt Sand moisture density Material (<2µm) (2-50µm) (50-2000µm) content (g/cm3) 
------------------------- % 
----------------------------
Nicollet 21 25 
Fayette 35 57 
Clarinda 44 35 
of silty clay loam materials (Unified clas-
sification: CL; AASHTO classification: A-
7). Clarinda was an exhumed paleosol com-
posed of clay materials (Unified classifi-
cation; CH; AASHTO classification: A-7). 
These soils were chosen to be representa-
tive of the kind of materials likely to be 
used in construction of landfills in Iowa, 
The three soil materials were distin-
guished by their particle size distribution 
(Table 1). Nicollet materials had the 
least clay and the most sand, whereas Cla-
rinda materials had the most clay and an 
intermediate sand content. Fayette mate-
rials, derived from loess, were highest in 
silt. 
Soil materials were collscted by exca-
vation, air-dried, and ground to pass a 2-
mm sieve, A standard moisture-density re-
lationship for each soil material was de-
termined according to ASTM standard test D-
698-78 Method A. The optimum moisture con-
tents and bulk densities are reported in 
Table 1, 
Porosity 
Samples were prepared by compacting 
soil materials at moisture contents 1 to 2% 
higher than optimum, Compacted jamples 
were broken into fragments <3 cm • The 
fragments were freeze-dried according to 
the method of Zimmie and Almaleh (1976). 
Cumulative porosity of triplicate 
fragments of each soil material was mea-
sured by using a Quantachrome SP-200 mer-
cury porosimeter in four intrusion steps: 0 
to 0.1 MPa, 0.1 to 8,3 MPa, 8.3 to 41.4 
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54 14 1. 84 
8 18 1.67 
21 27 1. 45 
MPa, and 41.4 to 414 MPa (60,000 psi). Cu-
mulative porosities were plotted as cumula-
tive volume vs, log pore radius, 
Chloride Breakthrough Measurements 
From the moisture-density relation-
ship, a value one or two percentage points 
above optimum moisture was chosen at which 
to moisten the soil. The soil was moulded 
in a 6,35-cm diameter by 2.54-cm high cy-
linder at the corresponding bulk density. 
Each compacted soil sample was placed 
in a 7.62-cm diameter acrylic permeameter, 
Paraffin, kept at 60°c, was poured between 
the wall of the permeameter and the sample 
in 0.5-cm increments until the top of the 
compacted sample was reached; the paraffin 
was allowed to solidify between increments, 
In this manner, any gaps formed when the 
paraffin cooled were filled by the next 
increment, thus minimizing wall effects. 
De-aired, saturated Caso4 solution (adjusted to 0,06% formaldehyde, to control 
microbial growth) was introduced into the 
permeameter and pressurized from an air-
pressure source, The air was separated 
from the solution by means of a rubber mem-
brane within the solution container, Hy-
draulic gradients in the range of 100-200 
were used; because of the relatively small 
sample height, this required a hydraulic 
head of approximately 2.5-5.0 m H20 (3.5 -
7.5 psi). Once the hydraulic gradient was 
established, a minimum of 5 pore-volumes 
was passed so as to obtain a constant flux 
from which to determine the sample perme-
ability, 
A de-aired, 0.1_! Cacl 2 solution with 0.016% 
Acid Fuchsin, a red dye, and 0.06% formal-
dehyde was used as the tracer solution for 
the solute breakthrough studies, The dye 
gave a visual test for any wall effects, 
The tracer was exchanged for the Caso4 
solution and allowed to leach through the 
soil sample under the same hydraulic 
gradients. The leachate was collected in 
equal-volume increments with a fraction 
collector; a minimum of 3 pore-volumes was 
collected, The leachate was analyzed for 
chloride concentration with an automatic 
titrator, 
PROBLEMS ENCOUNTERED 
The problem of greatest concern was 
whether soil porosity was altered during 
sample drying preceding mercury porosimetry 
measurements. Our method of determining 
effective porosity depends on both the cu-
mulative pore size distribution and the 
total porosity, Yet, to determine pore 
size distribution by mercury porosimetry, 
all water must be removed from the sample, 
Some of the total porosity in the samples 
was lost when water was removed by freeze 
drying (Table 2). 
TABLE 2 TOTAL POROSITIES OF COMPACTED SOIL 
MATERIALS BEFORE AND AFTER DRYING 
Soil Before After 
Materials drying drying 
Nicollet 0.29 0.28 
Fayette 0.40 0.40 
Clarinda 0.46 0.40 
As Table 2 shows, some loss of poros-
ity occurred in the Nicollet and Clarinda 
samples during freeze drying, The greatest 
decrease in porosity was with Clarinda soil 
materials, the materials highest in clay 
content. Total porosity in Fayette soil 
materials was not diminished by freeze dry-
ing, The significance of the losses in 
total porosity to calculations of effective 
porosity does not seem to be large, 
RESULTS 
The function used to describe the cu-
mulative porosity curve (Eq, 6) has two em-
pirically determined parameters,a and n, 
Only the n-parameter is required to de-
scribe the unsaturated permeability, 
Figure 2 presents a family of curves over a 
range in n from 1.1 to 5. The curves show 
that the spread on a log scale of pore 
sizes decreases as n increases, Thus, it 
becomes clear that the theory provided for 
calculating unsaturated permeability 
considers the spread in pore size 
distribution as the predominant factor. 
s 
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.001 
Figure 2. 
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PORE RADIUS (J.im) 
Theoretical cumulative porosity 
curves as influenced by the n-
par ame ter (a= 1.0, S= e/e ). 
s 
Figures 3, 4, and 5 show the cumula-
tive porosities for Nicollet, Fayette, and 
Clarinda soil samples, respectively, The 
discrete, plotted symbols represent values 
determined by mercury porosimetry. The 
solid curves represent the least-squares 
fit of Eq, (6) to the measured data. In 
all cases, the model does a reasonable job 
of matching the measured data, The a, n, 
er and e~ parameters for each model are pre-
sented in Table 3. 
Equation (4) describes the unsaturated 
permeability of soil once the n-parameter 
is known, Figure 6 presents a family of 
curves displaying the influence of the n-
parameter on unsaturated permeability, As 
n increases, the relative permeability 
tends to decrease more gradually as the 
soil begins to desaturate, This indicates 
that, the larger the n-parameter, the larg-
er is the fraction of porosity with rela-
tive importance for conducting fluids, As 
n increases, one can expect the effective 
porosity to represent a larger portion of 
the total liner porosity. 
Figure 1 presents a family of curves, 
over a range in es from 0.3 to 0.5, dis-
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Figure 3. Measured and curvefitted cumu-
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TABLE 3 PARAMETERS USED WITH EQUATION (6) 
TO DESCRIBE THE CUMULATIVE PORO-
SITY OF THE SOIL MATERIALS. 
Soil 
* * * e If Materials a n 8 
r s 
Nicollet 4.08 1.52 0.00 0.28 
Fayette 0.88 2.11 0.05 0.40 
Clarinda 1. 22 1.98 0.08 0.40 
"!:_la, n, and e were determined by least-
squares nonlinear regression of mercury 
intrusion porosimetry data and Eq. (6). 
!le was specified as the total porosity of 
tlie soil samples after freeze drying . 
.8 
. s 
s 
• 4 
.2 
0 
1. E-5 . 0001 .001 .01 . 1 
Kr 
Figure 6. Theoretical relative perme-
ability (K ) curves as influenced 
by the n-p~rameter (S= el8 ). 
s 
playing the influence of n on the effective 
porosity when er is constant at 0.05, If 
similar sets of curves were drawn for er = 
0.0 and er = 0.10, only small differences 
from Fig. 1 would be observed; i.e., the 
maximum difference in E would be 0,007. 
Thus, Fig, 1 can be used to obtain esti-
mates of effective porosity of compacted 
clay liners with es between 0,3 and o.s, er 
between 0.0 and 0,1, and n between 0,1 and 
3.0. 
The method developed in this paper for 
estimating the effective porosity of com-
pacted clay liners depends only on parame-
ters describing liner pore structure; 
TABLE 4 MEASURED PERMEABILITIES AND TIME RANGES OF FIRST CHLORIDE 
BREAKTHROUGH AND PREDICTED EFFECTIVE POROSITIES AND NON-
INTERACTING POLLUTANT BREAKTHROUGH TIMES FOR THE COMPACTED 
SOIL MATERIALS. 
Measured Cl Predicted 
Soil Permeability breakthrough Effective breakthrough 
(m3 /m2 / s) Material time (min) porosity time (min) 
Nicollet 5 x 10-10 208 O.D4 227 
Fayette 2 x 10-8 between 15 0.08 32 
and 30 min 
Clarinda 1 x 10-9 between 250 0.08 272 
and 380 min 
i.e., 8 , 8 , and n-parameter. Cumulative 
s r .. . . porosity measurements provide the basis for 
determination of the appropriate parame-
ters. By using the pore structure parame-
ters presented in Table 3, effective poros-
ities for the Nicollet, Fayette, and Cla-
rinda soil materials are estimated from 
Fig, 1 as 0.04, 0.08, and 0.08, respective-
ly. Once effective porosity is estimated, 
pore fluid velocity and noninteracting pol-
lutant travel time can be calculated for a 
compacted liner with a known permeability, 
hydraulic gradient, and thickness. 
Table 4 presents measured values of 
permeability and times of first chloride 
breakthrough, estimated effective poros-
ities, and predicted times of first break-
through of noninteracting pollutants for 
compacted Nicollet, Fayette, and Clarinda 
samples. Nicollet and Clarinda samples 
both had permeabilities equal to or less 
than the preferred value of 1 x 10-9 
m
3 /m2/s. The breakthrough measurements 
were reported for time ranges because ef-
fluent volume increments were collected for 
analysis of tracer concentrations. The es-
timated effective porosities were between 
15 and 20% of the total porosities of the 
compacted samples. The predicted noninter-
acting pollutant breakthrough times agreed 
quite well with the measured chloride 
breakthrough times. Predicted breakthrough 
times for the Nicollet and Fayette samples 
were slightly later than the measured 
breakthrough time ranges. The predicted 
breakthrough time for the Clarinda sample 
was within the measured breakthrough time 
range. Because the clay fractions of the 
compacted samples had a net negative charge 
and chloride is an anion, it is reasonable 
to assume that chloride would breakthrough 
the samples sooner than a noninteracting 
pollutant (i.e., tritiated water). 
Future work will include breakthrough 
measurements using tritiated water as the 
tracer, The thickness of the compacted 
samples will be increased for further 
breakthrough studies. The pore size dis-
tributions of other compacted materials 
suitable for landfill liners will be fur-
ther investigated. Perhaps evidence can be 
acquired to show that the n-parameter of 
compacted liner materials has a narrow 
range (i.e., 1.5 to 2.5) and, thus, indi-
cate that the effective porosities repre-
sent a narrow percentage range of the liner 
total porosities (i.e., 15 to 25%). Such 
findings will enable easy, yet reasonable, 
estimates of the active lifetimes of hazar-
dous-waste-disposal units. 
EXAMPLE 
The theory presented provides the 
basis for estimating effective porosity of 
compacted clay liners. To predict the tra-
vel times of noninteracting substances 
through the clay liner, the hydraulic gra-
dient, liner permeability, liner thickness, 
and effective porosity are required. As an 
example of how the theory can be used, we 
will make such a prediction. The informa-
tion that we assume is: liner thickness = 1 
m, hydraulic gradient = 1.33, liner perme-
ability= 1 x 10-9m3/m2/s. 
If we follow only the Darcy equatio~~ 
Eg. (1), fluid flux density is 1.33 x 10 
m
3 /m2/s. However, the fluid flux density 
does not represent the fluid velocity 
within the liner, We know that a portion 
of the total porosity is responsible for 
conducting fluid at velocity higher than 
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the average and that the remaining portion 
of the porosity conducts fluids at veloci-
ties lower than the average value. What is 
important in pollutant transport is the 
portion of porosity that conducts fluid at 
higher velocities. To determine the ave-
rage effective fluid velocity, we must 
first estimate the effective porosity. 
Effective porosity is determined on 
the basis of theory previously presented, 
By using the mercury porosimetry data for 
the Clarinda materials presented in Fig, 3 
and Eq. (7), then-parameter is determined 
as 2.0, er as 0.08, and el? as 0.40. The 
effective porosity then, is estimated to be 
0.08 by using Fig. 1. From Eq, (3) the 
travel time for noninteracting substances 
through a Clarinda clay liner in this exam-
ple is predicted to be 2 years. Therefore, 
under these conditions, we predict that af-
ter 2 years, noninteracting pollutants will 
reach the bottom of the clay liner. 
Although the concentration of the noninter-
acting pollutant may be low because of 
lateral mixing by diffusion, the initial 
fraction is predicted to appear after 2 
years. In this example, if the product of 
liner permeability and hydraulic gradient 
(i.e., fluid flux density, J) is mistakenly 
used as the fluid velocity, the pollutant 
travel time is calculated to be 23.8 years, 
If the fluid velocity is mistakenly assumed 
to be equal in all soil pores, the nonin-
teracting pollutant travel time is calcula-
ted as 9.5 years. Thus, travel time for 
noninteracting pollutants is significantly 
overestimated if effective porosity is not 
taken into account. The active lifetime of 
hazardous-waste-disposal units may be over-
estimated if liner effective porosity is 
not properly estimated and used in the pre-
diction of pore-fluid velocity. 
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